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We present the first eviclence  for the process of terminating accretion in proto-

stellar disks through the interaction between infall  and a very wide opening angle

c]utfiow. The accretion phase in protostars is an important stage in planetary

disk formationl. Langer, Velusamy & Xie2 have shown that the Young Stellar

Object (YSO)  IRS1 in the dark cloud core Barnard 5 is the best example of a

protostar with a wide opening angle outflow and is an ideal object for stuclying

the effects of outflow-infall interactions. IRS1 is a relatively young object with

a dynamical age of 104 yr for its molecular outflow3 and PC scale optical jet’~.

Yet our data shows it to be in an advanced stage of disk accretion as indicated

by wide opening angle outflow ancl narrow equatorial infall.  It represents an

important stage, late in the protostellar  accretion phase, where flattened infall

ancl wide angle outflow exist simultaneously. Our new interferometer data ob-

tained with 1“ resolution show that the outflow cones are wiclest at the vertices

indicating a significant widening of the outflow with time. We suggest that this

widening of outflow marks the final stages of isolating the disk from further ac-

cretion. We present a model to explain the shape and clynamics  of the outflow

and infall  in terms of a coupling between the outflow and accretion near the star.

We estimate that after the onset of outflow the entire accretion phase in IRS1

lasts only 20,000 yr.

Shortly after  the ormt of I)rotmtcl]ar  colla~m, tllc illtlcr rcgiolw {)f t l)c (ollal)si]l:  c(Jre

fon[l a [)rotostar  arl(l nel)lllar (lisk5. The illfal]ing  rl)\’rlo])c  of ~ils aIl(l (Illst lril(ls to fllrtller

grourtll of this flisk all{l ]) Ioto Stii I.” ~’i]is  il(”(”l[’tioll  ])lliiS(’  i s  esti]llat[’ci to l~lst ill)()(lt 103

1



.y(’iltS.  ~0111(’t iltl(’ (]ll~i  Ilg ttli S a(’(”[(’t  ioIl J)~l:M’  a t)i[)()]al’ ollt flolv d(’V(’10])S  illo[l~ t ]1(’ I’otilt ioIl

a x i s ,  corwistillg  of a llarro\v lligll  Velo(’ity  jet all[l  a l(nver velocity  t~llt  S])atiill  l}’ ])1’(Jil(]Cl

IIlolwular outflow’. ‘1111(1  force of ttlis Iilolecula[  Jvi[ld is sllfficicnt  to rmcrsc  tllc i[lfall all(l

SWWI]J  out Illaterial  along tllc lN)les }vithirl  the I)i]mlar outfimv COIIW. \\ ’(1 sllolv that  irl til[l(’

tlloo[ltfloiL'  greatly l[l[>(lifiest  llf\i Ilfallg eol[ltltlycl la1lgillgit  frO1llasI)ll[,li(al  toallf’(lll:ltorial”

awrctiorl  region. F;vcntually  the ]millt is waded  ~vherc  it sl]uts off’ the infdll colnl)let(’ly.

Sutmqua]tly  t}lc disk entms the I)lallet fort]mtioll  stagy’. ‘J’llestagctvllen  illfallall(lf)lltflo~v

mist simultaneously is a very ilnl)ortallt  bllt little url(lerstoo(l  ])hasc of ~)rott)star slid disk

evolution. It may control the final mass of hot]] the protostar and ])roto~)lanetary  disk.

OIIly  recently  has data become available dose  to the star, in a couple of objects. on

the lnolmular  outflow and iufa112’6-  10. Yet ILOII[’  of these obscrvatioxls  have focused on the

out flow-i nfa]l interaction] a~ld the sulmquent  [’ffwts 011 ttle disk evolutiou. IIcrc ~rc re~)ort

nmv it]tc~rfc’r(~l~lc:tric  imafys  which resolve thr velocity fields ill the infal] and olltflo~v closest

to the protostar  11{S1 ill 115, a Class I object ~vitll  Iulninosity N 9.6 I,cj locatml at a distance

of 35(I pc. W’e obtained  C0(2-1  ) isotope mal)s, of tile disk, infall,  and out flo~v with Caltech’s

Chws l’alley Radic) observatory hlillimeter  Array (OVIlo-hl\l.4).  ‘lhc olxservat ions ~vere

Illadc  in 1 9 9 6 - 9 7  Ilsillg tllo  six-eleI[]cllt array  ilk both tile lli,gll allcl lmv resollltioIl  collfigura-

tions to obtain tllc I)cst u-v coverage  and the higllcst  resolution availal)le,  w 1“ at 1.3 HIII1.

‘J’he C18C)(2-1)  trams tile delIse illfalling  gas, ~vhile tile line \viIlgs  of ‘2< ’()(2-1) trace  the

molmu]ar  out,fto~v.

The C)VR() maps illustrate the first direct evidence  of very }vide angle molecular out fio~v

COIICS close to the star (< 1000 .A[J) accom])atlid  by equatorial infall.  ~“ip;ure 1 shmx our high

resolution (1” to 2“) ma~)s of the 1.3 1111[1 coutillllulll, 12 C’0(2-l ) arid C*80(2-1  ). 3’lIc Illost

rclllarkat)le f(’aturc NIWWINI  i)l tllesc HlaIH is th(, gmllletrical  slla~m alld clear (Iemarkatioll of

ttle ollt flow and infall tmulldaries. 1’11(’ C180(2-1) elllission  shotvs that t tlc illfall is collfit]d

to a Ilarrow equatorial region  per]mndicular  t () tllc jet’s olit flo~v axis, Ivhile ‘2 C()(2-1 ) Illal)s

SIIOJV that t,tlc high velocity  ollt flolv o r i g i n a t e s  ill l)i])c)lar  ColI(w  ~vhi(’11 (hatl I)(I t raw(l dwl)

do~vll  to ~vit,tlill O.-1” (150 .A[J)

x 1 .()” (-120.-1(” x 350 .4[!) aIl(

ro[ll  tllr  star. ‘Itlc contillllllnl  disk at 1.3 111111  is (()[lllm(t 1.2”

Colltaills N ().()2 NI ., of gas :111(1 (lllSt ilS (1( ’tor Illi Il(xl frolll tll(l



{Illst f!][]issioll assul]ling  i] Stilll(lill(l  gas to dllst ratio  of 100. ‘1’tlc star’s  IJ(wition illferr(d  frolll

t llc (olltil~[lll]n disk is w 1.2.5” a~v+y  frolll tllc If{.AS it[framl  lx~siticjtl’  i , atl(]  has arl ;/( ’(”111’;1(”}’

I)(’t  t (’r t,llall ( ) .1”  axl(l, t}lcrcfc)rf~,  Ivc a(lolJt this for tllo st ar’s I)osit ion.

}jql]dfwial  injall: Figure 2a sliotvs sclectwl  C 18 ()(2-1 ) velocity chanll(’1  I[la])s.  ‘1’11(’ ~vlf)cit~”

fiel(] as i n d i c a t e d  itl tllcse  IIIalX is doltlinatd  l~y i]lfall  motiol)s ratl]cr  t,hatl rotation.  TIIC

channel lna~) at the rest velocity (center ])allel, Al’=  \r-\”l,, r = () ktn s- ] ) traces t 11(’ itlfalli[lg

gas which has a mm velocity col[l])ollcnt  along the line of sight  ~vith resl)wt  to tll(’ systemic

1.S1{ velocity of IRS] (V~,, == 10.2 kln s- 1). III other  Nwrds this cllatlncl  lnaI) sllo~vs t}lc full

intent of the infall  occurrilg  ill the ]danc of the sky. As seen itl this ])ald the butterfly

shape and extent  of the infall region  is consistent Jvith an initially spherical infiall  ~vhich  has

been modified by the large o~mlillg  angle  outjlmv.

The other velocity chanrlcl maps rcyrescmt the irlfall gas locatrd  out of t]lc ~)latle  of the

sky (AV < () on the fat side, and Alr > 0 infallilig  gas 011 the llcar side). ‘[’he lligllest  velocit~’

channel nlaps (left and right panels) will snow the gas lvllicll  has the largest illfall velocity

componmt  along the line of sight. Sillce tllc infall  ve loc i ty  itlcrcases  to~vards the center

(highm density + larger souIld sped) tllc gas ill the itntndiate  ~’icinitj  of the ~)rotostar

Jvill  SIIOIV the largest infall  vclocit ies. Therefore,  ltialm at (AT”= +. ().9 kl[l s- 1 ) \vill nave  tllc

lnost colnl)act emission cclltcrcd lIear tllc star. ‘J’lIe overall  mnissioll ])atter[i ill tile C1 80 ( 2 -

1) velocity mal)s is cotwistmt  i~’ith radial infall Irlotiol]s  dirwtd  towards the star. Jvithin a

flared disk, M 10” x 5“ (3500 x 1800 .4[J) which is inclirld  at N 45° to the ])laric of sk), and

contains a mass of N 0.08 hi,,, (assuming no dq)lotion  and ~ = 5 x 10(;). The infall

region is strictly confined to the equatorial zone atld avoids  the out flo~v (Fig. 1). \\-ithin  the

infall  region there  is all i[ldicatioll  of a small rotational Je]ocity gradient w 0.1 ktIl s- L (1000

.i[; )- 1 close to the star at r < 1000 .4[; .

Ilipola7- OIltjlo’u) ~OllCS: Rwellt  olmrvatiom  sho~v colll]mct olltflmvs ~vitll  a biconical

structure near their  stars2’12. IIowmw,  thin’ olmrvatiol]s  di(l Ilot resolve  tile (lctailc(l  strllc-

tllrc of the cones  closest to t hc star. F’igurc 21) shows otlr cllalizle]  l[la~w of ‘2 C()(2-1 ) elllission

ill the rot] all(l blue slliftd outfl(nv 101ws ~vitll  a s]M~t  ial rm)lutiotl  of 1 .2”  x  1.()” at 2 kll~

s- ‘ ~“clot’ity  slmci]]g. Sllch ILigh rw)llltioll  l)rillgs ollt tllc g(wlll(’tri(”iil slla~)(’  of tllc olltfimv
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I{)tm flu wry sltdl scales (W 100 }\U) at dist allces froth 100 .4LT to 10,000 .lu. 2’II(w illtcr-

ff’ro]lleter ill]ages IYISOIVC out the flllx at larger s(alcs  (> 15” ill tile 1.3 r[lltl  OJ’1{() IIIalM).

II(mwer this l~lissiug  flux dots Ilot affect ollr collclllsiorw  collcerllillg  the g(’olll(’tri(’i~l SIMIN

of  tile olltjflo~v lobes  (lFigs. 1 -3 ) ,  es]mially tjlle structllrm  Ilcar the vcrticrs  (Jvitllill a N 5“

raclius) yvhicll  arc fu l ly  reprwerlted  iu the illtcrfcrolucter  illlagcs. I~veII at larger (list a]lces

the luissillg  fiux iu the snort sl)aci]lgs  is not, a liluitatioll  to ddilliug  tllc olltflmv  l)ourl(lar~’,

lxx:ausc  the iutcrferomcler  acts oIIly as a higllpass s]mtial filter.

‘1’hc outflmv couos are SCCII  best iu tllc + 3  ktn s-  ] velocity elnissio]l  (l; ig. 21)). atld ill

the iutcgratd  emission of tile blue lobe (Fig. 3). ‘] ’akml together  our ill~ages  slloiv:  (i) TIIC

CO outflo~v  lobes cxllibit bipolar conical structure, aud their  vcrticcs lie symlnctrically  oll

eithm  side of the star Ivithiu  0.4” (150 AU). (ii) ~’llc lit]lb t~riglltend  cones ]Iavc a sharl)

outer bouudary,  a IIollow  iuterior  indicating a mid  ill luolccular ruaterial,  aud the COIIC ~Yalls

are thiu  (W 500 AU). (iii) Small scale structures (W a fmv huudred  AU ill size) are seen iu

the outflolr  cones, which we suggest arc midencc  of episodic outflo~v activity. (iv) (jver  the

extent  of the iuterferomcter  ma]) wc do not sec any e~’idellce  of ‘IIubl~lc floiv’ (i.e. tile peak

velocity irlcrcasiug roughly }vith distance) as seell iu sil@e dish, large scale lua1)s12.  l’hc

mcau outflolv  velocity is nearly constant  (at 6 k[n s- ‘ ) across the 10INS, lleIlcc’  tllc  structures

sf2eII }vithitl  1 ()()0 .-IU are the result, of the outflmv geucratd  ill tile rcceut ~)ast. }vitllill  1000

yr. (v)  The luo*,]e*ltulu distributiol[  (~,roportional to the iute,grated  i* Lte*lsity. ~vhich  i s  a

l~leasure  of mass, x the meau outflow velocity) along the out flo~v axis peaks at tile origill  of

outflow aud [iecrcases  outfvard. Our mtimatc of the momentulu  distril)ution  llcar the star,

~vherc the structures arc sluall, is accurate, but this Iwconles less reliat)lc  at larger distauces

lwcausc tile interferometer maps do not imagf’ the lar~r  scale structures. Xcverthcless.  our

(Iatit is scllsiti~w eIIough  to sho~v  a moluelltulll ]wak at the origiu  of tile out flmv. \\-llilc

the curreut models l~- 17 cm ex~)laitl  some of these oljserved  out flmv l)rolwrtim  IloIIe seclll to

cx[)laill  all of thelllt eslwcially  tile gcoxllctry  of tile olltflmv both at tllc ori~il]  all(l at larger

dist all(w.

TiTIl(! {Wollltioll”  (171(1 lllid(’?liTlf) Oj thf! Of Ltjk)Ul CO I1(!S: TIIe olwrvati[)tlal  (Iata ill{li(”ilt(’ that

ollt flow ellerget ics (Iwreasc ~vitll  evolllt iollary  Stilt  11s of t lle }-S018. ‘1’llis  (1(’~.rcas(~ iltll)lies
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a I’(Jtrf’sljO1](lillg (l(’(>~(!iW(’ itl ttlc Illass accrctiol], if illfall fllcls tlir  olltfl(nv. If  ttlis i s  tr[lc

WYI m])wt t{) sw all out fl(nv-illfall interact io[l. 11(’1(’  1!’(’ p l ( ’wri t  11[’t!’ cvi(lcrl((’ of sllcll  :111

itlt  tract iotl an(l discuss its ef~ccts  or] (Iisk accrct iorl.  III F’igs. 1-3 tllc l)i])olar ollt(lmv  is SVPII

to ha~~c evacuated a bicol]icaI  cavity ~vhosc lil[lt) I)riglltelld  walls aI)Iwar to }N I)[lslliflg  arid

co[n])rcssing  the allll)imlt all(l/or  irlfallillg  gas.

T}lc outflow 10IJC st n]ct urf’ is best swn ill t 1)0 blllc slliftd elnissioll  (lJig. 3). \\-it hill t IIr

blue 10I)C there is some asymlllet ry in the W(2-1 ) i[lt elwity alol+q  the NF~ and Sf~ dimt ions,

~vllich is also obscrvd  itl the i-band illlage of  sca t ted  light swn  tllroug]l  t 11[’ c~-acllatc(l

out flotv cavities 19, and in the CO(l-0) e1tlission2. A t  tllc vertex tile out flmv a])~x’ars  to he

quite symmetrical out to N 1000 AU. The lobe boundary  is wdl  defined and colltilluous along

the NT17 direction even to large distances, u]) to 10,000 AIJ. Therefore,  }VC have chosen  to usc

this ])art of the blue lobe to derive tllc tinlc eirolutioll  of tile geomctr~ of the out ffmv. 2’llc

.gColnctrical  shape of the outflow close to the star is lwt tcr dcscrihd as paralmlic  t IIall  conical.

WTe interpret this parabolic sha]w ill tcr!ns of au itlcrcasc  it[ tile out flo~v cone angle tvith  tilne

due to the lateral expansion of the outflo~v  at the vertex, iu a direction ~)cr]wrldicular  to the

jet axis. lH Fig. 3 we indicate the extent of tllc outflow in the conm at several epochs as

ill fcrrd fro]n the shape  of the lmu IIdary, and assullling  a lIICaII out flmv ~’clocity  of w 6 km

s - ‘ along the cone. ~’he geolnctrica] slla]w at 1 tIc vertex, Jvllicll  dcscrilm tllc out flmv \vitlliIl

the ])ast 1000 yr is consistent Ivitl]  all o~waing  angle of w 126°, ~vllile  at larger dist atlces frolt]

the vertex it is narrower, for maml)lc  at 6000 AIJ (reprmntillg  the outflmv originating atwut

6000 yr ago) the corresponding olwllillg  atlglc is w 92°. l’his difference  im~)liw a Ividcnin.g

of tll~ opening at@e  w 0.006° yr– 1.

The data l)rcwntd here indicate  that the ~vidcllillg  oft llC out flow conm an(l t Ilc flat tcning

of the infall xnust tw cou])ld  to each other through tllc I)roccsscs involved  ill ge[leratillg tllc

molecular outflo~v near the star. }\ qualitative illtq)rctatioll  is given llcrc all(l  a (Ictaile(l

rtiodel tvill be ~Jrcsentwl later. For siln])licity  ;ve collsi(lcr a ,jf’t-(lri\”(’zl-t llol(lllgll-sllook  1110dc115

for the olltffow nlcchanism.  111 this model  t he averagt’ lllotllcIlt lltll  is dirc(’twl [icarly ~)arallel  to

t hc out flmv axis, tvith  a snlall t ratlsvcrsc cottllmllcllt. ‘1’hc olltfl(nv ])rol)[’rti(s Ivill  (Icl)cll(l  on

the Ilat IIrc of t IIc lnolnentulll  t rallsfer to tho I[lolc(ular flo~v. ‘l’tIt’ IIloIll(’IltllIll  tl’illlSf(’11’(’(1 1)~
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t 11(’ j(:t  to ttl(’ Olltflotv 1)(’r Ilrlit 1( ’Ilgt 11 aloIlg tll(’ olltfloiv axis is I’(’late(l to tll(’ iltlll)if’llt  (1(’llsity

on an(l is given ljyzo I’z ~ 7r/’; /), @,, /)J , W’11(’1’(’  p,, r,, t~~ arc t lt{I flrlwit~’, ra(li[ls. a[l(l I.(’lo(’ity

of tllc <jot, Icslwt i~’cly.  ‘J’hrrrforc IV(’ cxlx’ct t hc gc{)tllet  r~ arid illtrllsity  of t Ilr ollt flmv t o

dcpctld OIL tjhc location, cxtwlt,  and slmpc of t ]Ic regiolk of Illol[lrllt  ulll t ra]lsfcr, ~vllicll  itl t Ilrtl

is dctermil]wl t)y the dmsity distribution ill the disk and [I TIvC101N. \\’e conclude fror[l ollr data

that the largest momentuln  transfer is occurrirlg clowst to tllc star (< a fmv lIIIII(IMICI  .iU)

as ~)rdictd by lmth wind and jet/sllock drive]l out flo\vslf;’20. q’his reslllt  is colwist(’llt u“ith

the region  of the highest density twitlg lnost effective ill transferring Inol[lentuln. 11 OJVCVCI,

the density structure at this outflow-disk itltcrfiace is continuoudy  modified I)Y a balance

hetwml the evacuation) by outflow and the accretion from infall.

The titoc evolution of the outflow-infall  illtcraction  call be summarized by a siln])lc fed-

back mccl}anism. At the il]it!iation of the jet the infa]l is s~)hcrical, the delwit)  distribution

is broad and the outflow is Ilarrow angled. As the out(lo~v ])rocds material is s~vc~)t  out of

the outflow cones, simultalleously  reducing the accretion Yolulnc, by Ilarmlving tllc extent

over which infall  occurs (Fig. 1). This interaction sets up a negative feedback in that the

increase itl the opening al@c of the outflow cones, creates a Jvidcr macuatd  cavity above

t]lc disk-jet itltcrfacc and further llarrom%  equatorial infal]. f~c SpCClllat  C that t~le rcsllltaIlt

densi ty  s t  ruct  um at tllc  origin  of tllc out flolv leads to tile rnoIncrituIII  t raIlsfcr occllrring

in a wider angle, thus forltling  a still larger o])cllillg angle out ffmv. This ~)rocms colltillucs

until the outflow opening angle  approaches 180° alld the infal] is shut do~vn coml)letely.  thus

tmnillating  disk accretion.

In sulnmary,  ww show the clearest evidence  yet of an out flo~v-infall  illt tract ior]. leading

to all Cqllatorial  infall,  and I)roviding  a Ilat,ural  [Iiecllallisl[] for tile Clld of itlfal],  and llcr]ce,

tile clld of the accreting  phase in }“Sos. \l’c find cvi(lcllcc  for tllc Ividelli]lg  of tllc ol)cllitlg

allglc of tile out,fio~v”  collcs. I)y tracitlg tllc til[le cvolutioll ill tllc out flo~v t.orles. fvc wtilnate

that tile infall Jvill  tw to ta l ly  shut  down ill w 104 yr itl 11{S1 ill 115. ‘1’llercfore.  OIICC out flo~v

begins, ty~)ically tile Clltire accretion ~)lmse  lasts oIlly w 20,000” ~r.
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F’igllrc  1: .4]1 ovcrvic~v  of t,llc itlfi~ll-olltfl{)~~  i[ltcractiorl itl 11{S1 irl 11.5. (a) I1ltc~rat(d  lz[ ’ ( ) (2 -

1  )  cl[lissiotl  traciug  ttle Illolcclllar  outflolv corles. q’hc ml allfl blllc arrmvs (Icll[)tf’ ml and

1)1(Ic slliftd Iolm, ~vhilr the short  black arrmvs dmlot c t hr ~vi(lcuitlg of t !lc ()~lt fl(nv {wtlcs.

~’lle values  of the first contours  ari(l contour intervals arc 0.45 & 0.’3 ,Jy kltl s-1 (lwa~li)- 1 for

tile I)lllc lohc, and 1.2 & 2.4 ,Jy kln s-1 (lmanl)- 1 for the red lotw, rw~mt ively.  (b) C1S()(2-1)

crnission  tracing the illfall rcgiotl. The extcrlt  of the equatorial infall  is a flaml disk ~ 30°

wide as indicated ill the l~igllrc. l’hc dial)letm  of tl}e disk is w 3500 +\U (10”), and the

thickness varies frol]~ 850 AU at the center I,C) 1700 .41; at the edge. ‘1’}IC values of the first

contour and contour interval arc 0.24 Jy  kmi s- 1 (beam)-’l.  The ilmt ill (h) sho~vs  the 1 .3

mm continuum emission, whose first corltour and contour interval are 5 Nl,Jy (beatn)’1. In

Figs. 1-3 the offset position (0,0) corresponds to thr 11/.4S  ~msition,  t,he crosses rc~)rcsent

the continuum peak at RA(1950):  03’’44’”31 .S98 +0.s009; Ilcc(1950): 32 C’42’31 .“24 +0.’’06,

and the solid ellipses in the bottolu  left corner denote the size of the brarus.

Figure 2: Sclectcd channel lna~)s  of infall and outftour,  }vith the vdocities  indicated itl each

[mtlcl. (a) ~’hc st ructurc of Cls 0(2-1 ) elnissioll as a function of I“clocity  indicates radial illfall

lllotiolls  within  a flared disk. The first contour  is 0.8 .JJ’ (bcatll)- 1 and contollr  irltcr~ral is 0.2

.Jy (l.x:aln)- 1. ‘1’lIc SF1-hT\V liuc throug]l the cerlter rcprmvlts the equator ia l  ~)latle  ~vllicll  is

inclined at 45° to the plane of sky. @) 12 C()(2-1)  velocity structure of rcd and l)luc shifted

outflow lc)bes. The first contour and contour i[ltcrval  arc 0.15 Jy (beam)” 1 for the blue and,

0.2 Jy (Iwam)’  - 1 for the rcd lobes.

Figure  3: Tillle cvolutioll of the outflow cones is sIIt)\YIl 011 the illtcgratd  itltcllsity  IIMI) of

the Ijlucshiftcd out flmv lobe.  The direction of the jet infmd fronl the o~)tical (Iata at pc

scales  is itldicatd.  ‘The intmlsitics arc ill .Jy kill s– 1 (lmim)- 1. The first colltollr is 0.24, and

co~ltollr i]ltcrfds arc 0.24 for tllc first 6 contours  an(l ().-18 for tile rest. Ttlc Cxt(vlt of the

ollt f](nv cones aud dim’t  ion of gas flotv at ttlr c~M)clw sllolvll  are (icrivc(l  assllI1iil)g  a ll)(um

olltflo~v ~’clocity  of 6 klli s-  ‘ .
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